Previous studies show that DNA sequence variation within the mammalian DLK1-DIO3 imprinted domain influences production traits in domestic livestock, most notably the ovine callipyge phenotype. We assessed genotype-phenotype associations between 7 single nucleotide polymorphisms (SNPs) within the orthologous bovine DLK1-DIO3 domain and performance traits in 848 progeny-tested Holstein-Friesian dairy sires. One SNP (MEG3_01) located proximal to the maternally expressed 3 (MEG3/Gtl2) gene was associated with milk yield, subcutaneous fat levels, and progeny carcass conformation (P 0.01) and also tended to be associated with milk fat and protein yield (P 0.10). A single SNP (CLPG_01) within the putative CLPG1 locus was associated with progeny carcass fat (P 0.05), whereas a single SNP (PEG11_01) located proximal to the paternally expressed 11 (PEG11/Rtl ) gene was associated with progeny carcass weight (P 0.05). The MEG3_01 SNP together with an additional 2 SNPs (MEG8_01 and MEG8_02) located proximal to the putative maternally expressed 8 (MEG8/Rian) ortholog were associated (P 0.05) with perinatal mortality. Finally, one SNP (MEG3_03) was associated (P 0.05) with gestation length, whereas both the CLPG_01 and MEG8_01 SNPs also tended to be associated with calving interval (P 0.10). Linkage disequilibrium analysis suggests that some phenotypic associations observed at these loci are independent. To our knowledge, this is one of the first studies demonstrating associations between the bovine DLK1-DIO3 domain and milk, carcass, fertility and, health traits in cattle. This imprinted domain may serve as a potential target for future genetic selection strategies.
human biomedical disorders, there has been growing interest in role of imprinting in domestic livestock species. This interest has arisen from previous studies which demonstrate that imprinted genes can directly influence or are associated with economically important production traits, such as muscle mass and fat deposition (Nezer et al. 1999; de Koning et al. 2000; Van Laere et al. 2003; Goodall and Schmutz 2007; Cheng et al. 2008; Uemoto et al. 2009; Magee et al. 2010) .
The epigenetic effect of genomic imprinting on animal production traits is aptly illustrated by the molecular dissection of the non-Mendelian inheritance pattern of the callipyge phenotype in sheep. The ovine callipyge phenotype is characterized by a pronounced postnatal increase in muscle growth of the loin and hindquarters along with reductions in animal total fat content . The callipyge phenotype is caused by a single A-to-G substitution (termed the CLGP mutation) that occurs within a putative long-range cis-acting silencer element located within the DLK1-DIO3 imprinted domain on ovine chromosome 18 (OAR18) (Freking et al. 2002; Georges et al. 2003; Smit et al. 2003) . Notably, the callipyge phenotype is observed only in heterozygous offspring exhibiting padumnal inheritance of the CLPG mutation-a mode of non-Mendelian inheritance classified as polar overdominance (Cockett et al. 1996 .
The mammalian DLK1-DIO3 imprinted domain (or gene cluster) spans ;800 kb and contains a number of reciprocally imprinted genes: 3 paternally expressed imprinted protein-coding genes (delta-like homolog 1 [DLK1], paternally expressed gene 11/retrotransposon-like 1 [PEG11/Rtl1], and deiodinase, iodothyronine, type III [DIO3]), and multiple, maternally expressed imprinted, noncoding RNA genes, namely maternally expressed gene 3 (MEG3/Gtl2), maternally expressed gene 8 (MEG8/ Rian), the maternally expressed PEG11-antisense gene (PEG11AS ), and a micro-RNA containing gene (MIRG) (da Rocha et al. 2008) .
In sheep, the CLPG mutation occurs within the genomic region separating the DLK1 and MEG3 genes and has been shown to be contained within an RNA transcript (termed ''CLPG1'') originating within this intergenic region (Murphy et al. 2006) . In callipyge sheep, it is postulated that the CLPG mutation causes an increase in the levels of DLK1 RNA transcripts (as a result of chromatin structural changes) relative to MEG3 RNA transcripts, which act in trans to inhibit DLK1 expression (Murphy et al. 2006) . Other lines of evidence support a role for increased expression of the protein-coding PEG11 gene relative to the maternally expressed RNA-coding PEG11AS gene, which is antisense to PEG11 and thought to regulate PEG11 via an RNA interference-type mechanism (Davis et al. 2005; Byrne et al. 2010) .
Although there is little published work on the imprinting status of the genes within the bovine DLK1-DIO3 domain-to date only the bovine MEG3 gene has been shown to be preferentially expressed from the madumnal allele (Dindot et al. 2004 )-the conservation of imprinting within this domain across a large range of mammalian species (including human, mouse, sheep, and pig) suggests that the orthologous genes in cattle may also be imprinted in cattle (da Rocha et al. 2008 ; http://igc.otago.ac.nz/ home.html, http://www.geneimprint.com). Furthermore, the observed importance of this domain in mammalian growth and development in a range of species indicates that this region may be of similar physiological importance in domestic cattle (da Rocha et al. 2008) .
Based on these previous findings, especially the observed phenotypic effects on production traits in domesticated sheep, we postulated that the orthologous bovine DLK1-DIO3 domain, located on chromosome 21 (BTA21), may also harbor DNA sequence polymorphisms contributing to variation in production traits in cattle. Previously, we reported the methods used to validate single nucleotide polymorphisms (SNPs) within a panel of bovine orthologs belonging to the DLK1-DIO3 domain . Here, we report novel genotype-phenotype associations for 7 of these DLK1-DIO3 SNPs in 848 Holstein-Friesian progeny-tested sires.
Materials and Methods

SNP Validation
The methods used to identify and validate DNA sequence polymorphisms within the bovine DLK1-DIO3 domain have been discussed elsewhere . Briefly, putative SNPs in the bovine DLK1-DIO3 domain were cataloged based on information obtained from build BTAU_4.0 of the Bos taurus genome in the Ensembl database (http://www.ensembl.org). High-fidelity polymerase chain reaction amplicons spanning these putative SNPs were generated for a panel of 26 animals (comprising 17 European B. taurus, 5 African B. taurus, and 4 Indian B. indicus animals) and sequenced bidirectionally using a commercial provider (Macrogen Inc., Seoul, Korea; http:// www.macrogen.com). SNPs were identified via DNA sequence analysis using the CLUSTALW option within the MEGA 4.0 software package (Tamura et al. 2007 ) and subsequent visual inspection of sequence chromatograms.
Selection of SNPs for Genotyping
In this study, 7 validated DLK1-DIO3 domain SNPs were selected for high-throughput genotyping. Three SNPs (MEG3_01, MEG3_02, and MEG3_03) were located proximal to the putative bovine MEG3 gene, one SNP (PEG11_01) was located upstream of the bovine PEG11 gene (Ensembl database gene ID ENSBTAG00000030004, BTA21, nucleotide positions 65 867 335-65 867 458), and 2 SNPs (MEG8_01 and MEG8_02) were located proximal to the putative bovine MEG8 gene. All the 6 above-listed SNPs were previously deposited in the bovine dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP).
At the time of analysis, the bovine MEG3 and MEG8 gene sequences were not fully annotated in Build 4.0 of the B. taurus genome sequence. Instead, the bovine orthologs of these genes were identified via alignment of the OAR18 working draft assembly containing DNA sequences for the sheep MEG3 and MEG8 genes (the draft ovine MEG3 and MEG8 gene sequences are located between nucleotide positions 136 592-171 779 and 202 078-220 011, respectively, within GenBank accession number AF354168) with Build 4.0 of the B. taurus genome sequence using the BLAT sequence alignment tool in the UCSC genome browser (http://genome.ucsc.edu). Using this approach, the bovine MEG3 and MEG8 DNA sequences were located to BTA21 between nucleotide positions 65 810 692-65 845 616 and 65 879 920-65 898 087, respectively. These bovine genome coordinates were regarded in this study as the putative location of the bovine MEG3 and MEG8 genes.
Further alignment between the sheep and cattle DLK1-DIO3 domain DNA sequences revealed 93% sequence similarity between the published 616 nucleotides of the ovine CLPG1 noncoding RNA transcript (GenBank accession AF533009; herein referred to as the Ovis_CLPG1 locus), which encompasses the causal CLPG mutation (Freking et al. 2002; Murphy et al. 2006 ) and the orthologous genomic region on BTA21 located between nucleotide positions 65 777 665-65 778 281 (herein referred to as the Bos_ CLPG1 locus). A single de novo bovine SNP (CLPG_01) located 364 bp upstream of the orthologous cattle nucleotide corresponding to the ovine CLPG mutation was detected within the Bos_CLPG1 locus and was included for genotype analysis ( Figure 1 ). All 7 SNPs (6 transitions and 1 transversion) selected for genotyping were noncoding substitutions and occurred within a 124.8-kb region within the bovine DLK1-DIO3 domain on BTA21.
DNA Samples, DNA Extraction, and High-Throughput SNP genotyping Genomic DNA from 914 Irish Holstein-Friesian artificial insemination (AI) sires was extracted using a Maxwell 16 automated apparatus (Promega Ltd., Southampton, UK; http://www.promega.com) according to the manufacturer's instructions. The 914 Holstein-Friesian sires have been used to generate progeny in Ireland and were representative of the commercial germplasm used in Irish dairy herds in past years. Genotyping for all 7 DLK1-DIO3 SNPs was performed on all sires together with an additional 25 independently extracted duplicate samples that were included for genotype quality control purposes. All SNP genotyping was performed by Sequenom Inc. (San Diego, USA; http://www.sequenom.com) using their proprietary MassARRAY iPLEX Gold genotyping platform.
Analysis of Genotypic Data
Prior to association analyses, quality control on all genotypic data was undertaken using the criteria outlined by Waters et al. (2010) ; as a result genotypes for 848 sires remained. The SNP genotype concordance rate between technical replicate samples was 99%. The HAPLOVIEW package (Barrett et al. 2005 ) was used to measure r 2 values of linkage disequilibrium (LD) between pairwise combinations of segregating SNPs (Hill and Robertson 1968) .
Phenotypic Data and Association Analyses
A range of phenotypic traits were analyzed in this study and were categorized into 5 broad categories: 1) milk production traits (milk yield, milk fat yield, and milk protein yield), 2) carcass traits (culled cow carcass weight, progeny carcass weight, subcutaneous carcass fat level, and carcass conformation score), 3) subjectively assessed subcutaneous fat level on live animals (angularity and body condition score), 4) fertility traits (calving interval), and 5) calf performance (calf survival and perinatal mortality). Sire predicted transmitting ability (PTA) was the dependent variable for all traits with the exception of milk production traits which were daughter yield deviations (DYDs) expressed on a PTA scale.
Models used in genetic evaluations in Ireland, as well as variance components, have been summarized in detail previously (Berry et al. 2007 ). DYDs for 305-day milk, fat, and protein yield are estimated in Ireland using a repeatability animal model across the first 5 lactations. PTA for calving interval and survival are estimated using a multitrait animal model, including data from the first 3 lactations. PTAs for milk yield are used to adjust PTA for survival for differences in genetic merit of milk yield; hence, this survival trait is functional survival. PTAs for cow carcass weight, progeny carcass weight, progeny carcass fat score (scale 1 [low] Hickey et al. (2007) ), measured at slaughter, are estimated in a multitrait animal model. Cows slaughtered between 875 and 4000 days of age are included in the evaluation of cow carcass weight, whereas male progeny slaughtered between 300 and 1200 days of age and female progeny slaughtered between 300 and 875 days of age are included in the evaluation of the remaining 3 carcass traits (i.e., progeny carcass weight, progeny carcass fat, and progeny carcass conformation). Perinatal mortality is a dichotomous variable scored by farmers as calf dead at birth or within 24 h (Mee et al. 2008) . Genetic evaluations for angularity and body condition score are undertaken as part of a joint evaluation in the UK and Ireland. The PTAs were standardized to the mean and standard deviation of the base population. All PTAs were deregressed using the procedure outlined by Berry et al. (2009) .
Only sires with a reliability, less parental contribution, of .60% were retained for inclusion in the association analysis. A total of 742 sires fulfilled these criteria for inclusion in the analysis of milk, fat, and protein yield as well as milk fat and protein concentration; the number of sires included in the association analysis with calving interval and survival was 501 and 477, respectively. The number of sires with a reliability of .60% for the carcass traits was 446, and the number of sires with a reliability of .60% for perinatal mortality, angularity, and body condition score varied was 201, 521, and 504, respectively.
The association between each SNP and performance was quantified using weighted mixed linear models in ASReml (Gilmour et al. 2006) with individual included as a random effect, and average expected relationships among individuals accounted for through the numerator relationship matrix. Year of birth (divided into 5-yearly intervals) and percent Holstein of the individual sire were included as fixed effects in the model. In all instances, the dependent variable was deregressed PTA or DYD, weighted by their respective reliability less the parental contribution. Genotype was included in the analysis as a continuous variable coded as the number of copies of a given allele.
Results and Discussion
The summary statistics for all 7 assayed SNPs are presented in Table 1 , and r 2 measures of LD for all SNP pairs are provided in Supplementary Table S1 . Minor allele frequencies ranged between 0.05 (the ''T'' allele of the MEG3_01 SNP) and 0.35 (the ''T'' allele of the PEG11_01 SNP). Only one SNP (MEG3_01) displayed significant deviations from Hardy-Weinberg equilibrium (HWE, P 0.001) in the analyzed population and was due to a greater than expected frequency of T/T homozygotes at this locus. The observed proportion of T/T homozygotes at the MEG3_01 SNP was 0.010 with an expected frequency of T/T homozygotes of 0.002 assuming HWE. This difference between the observed and expected proportions was presumably due to sampling effects.
Details of only the significant associations detected between all 7 assayed SNPs and performance traits in the genotyped sires are summarized in Table 2 -no associations with calf survival were observed with any of the 7 SNPs assessed. The MEG3_01 SNP was associated (P 0.05) with milk yield and tended (P 0.10) to be associated with milk fat yield and milk protein yield. This SNP was also associated with cow angularity (P 0.01), body condition score (P 0.05), and progeny carcass conformation (P 0.01); no other SNP was significantly associated with these traits. Cow angularity and body condition score are genetically similar yet opposite traits and are subjective assessments of the subcutaneous fat deposits on a live animal (Berry et al. 2004) . The positive association between the ''C'' allele of the MEG03_01 SNP and both milk yield and angularity but negative association with body conditioning score implicates this region of the genome as reason for the positive genetic correlation between milk yield and Genotype frequency, minor allele frequency (the identity of the minor allele is shown in brackets), and significance of deviation for HWE based on P values obtained from v 2 test results are given for all 7 assayed SNPs. Information regarding the expressed allele for these genes is based on the patterns of imprinting in mouse, human and where possible, cattle, and sheep (http://igc.otago.ac.nz, http://www.imprint.com). dbSNP database accession numbers for each SNP are provided where available (http://www.ensembl.org, http://www.ncbi.nlm.nih.gov/projects/SNP). The location of the CLPG_01 SNP was determined via DNA sequence alignment of the sheep CLPG1 transcript sequence (GenBank accession number AF533009) with Build 4.0 of the B. taurus genome sequence using the BLAT sequence alignment tool (http://genome.ucsc.edu). a Allele identities are based on the forward strand DNA sequence.
angularity and the negative genetic correlation between milk yield and body conditioning score in Ireland (Berry et al. 2004) . Genetic correlations can be due to pleiotropy or linkage between mutations affecting both traits. For the present study, it is not possible to determine which phenomenon is responsible for these correlations.
Two SNPs (MEG3_03 and PEG11_01)-located proximal to the maternally expressed MEG3 gene and paternally expressed PEG11 gene, respectively-were both associated (P 0.05) with progeny carcass weight; the PEG11_01 SNP was also associated (P 0.05) with culled cow carcass weight, whereas the MEG3_03 SNP displayed a tendency (P 0.10) to be associated with this trait. Additionally, the PEG11_01 SNP tended (P 0.10) to be associated with progeny carcass fat. Notably, the MEG3_03 SNP was the only analyzed polymorphism to be significantly associated (P 0.05) with gestation length, although the MEG3_02 SNP also tended to be associated (P 0.10) with this trait. The r 2 score for both the MEG3_03 and PEG11_01 SNPs was high (r 2 5 0.95) and indicates that the observed associations with performance at both loci are not independent.
DNA sequence alignment analysis performed in the current study indicated that the bovine CLPG_01 SNP (occurring within the Bos_CLPG1 locus) is located 384 bp upstream of the nucleotide which is orthologous to the ovine CLPG mutation (Figure 1 ). This SNP displayed an association (P 0.05) with progeny carcass fat and tended (P 0.10) to be associated with culled cow carcass weight and calving interval. The low pairwise r 2 scores ( 0.04) observed between this SNP and all other DLK1-DIO3 SNPs analyzed in this study suggest that the allele substitution effects at this locus are independent. The phenotypic associations observed at the bovine CLPG_01 SNP display some similarity with the phenotypic effects caused by the CLPG mutation in sheep which results in increased muscle overgrowth and reduced fat content in heterozygous individuals displaying padumnal inheritance of the CLPG mutation Cockett et al. 2005) .
Significant allele substitution effects (P 0.05) on perinatal mortality were observed at the 2 SNPs located proximal to the candidate bovine MEG8 gene (i.e., the MEG8_01 and MEG8_02 SNPs). Similarly, the MEG3_02 SNP was also significantly associated (P 0.05) with perinatal mortality. The MEG8_01 SNP also tended (P 0.10) to be associated with calving interval and body conditioning score. Both MEG8-associated SNPs did not show phenotypic associations with any of the other traits assessed. The moderate level of LD detected between the MEG3_02 and MEG8_01 loci (r 2 5 0.56) and the MEG3_02 and MEG8_02 loci (r 2 5 0.63) suggests the existence of haplotype blocks that are associated with perinatal mortality within the DLK1-DIO3 domain.
The associations of the CLPG_01, MEG3_01, MEG3_03, and PEG11_01 SNPs with bovine milk performance, carcass weight, and fat deposition are supported by previous work whereby DNA sequence Measured on a scale between 1 (poor fat cover/poor conformation) and 15 (high fat cover/good conformation) multiplied by 100.
b Expressed as genetic standard deviation units.
variation within the DLK1-DIO3 imprinting cluster has been shown to contribute to fat content and muscle mass in other domestic livestock species (i.e., sheep and pigs) (Kim et al. 2004; Cockett et al. 2005) . However, it has also been suggested that polymorphic loci within the DLK1-DIO3 domain can influence muscle depth in noncallipyge sheep (Walling et al. 2004) , while parent of origin effects of DLK1 sequence polymorphisms on muscle mass and fat content have been reported in pigs (Kim et al. 2004 ). Previously, we screened for SNPs within a 421-bp fragment of the bovine DLK1 gene, which encodes the purported effector molecule of the callipyge phenotype (Davis et al. 2004 ). However, no SNPs were detected with the samples available at the time of analysis . Since then, DNA sequence variation has been reported in the bovine DLK1 gene (Williams et al. 2009; Chen et al. 2010) , and it is therefore plausible that SNPs in this gene may also display associations with bovine performance traits in subsequent studies.
The detection of associations between 3 DLK1-DIO3 SNPs (i.e., MEG3_02, MEG8_01, and MEG8_02) and perinatal mortality may reflect the known importance of this region in contributing to mammalian development and maturation (da Rocha et al. 2008 ). This is supported by studies in human and mouse which have shown that aberrant gene dosage and gene expression in the DLK1-DIO3 region can result in lethality (Georgiades et al. 2000; Kurosawa et al. 2002) . Furthermore, the association of a single DLK1-DIO3 SNP (i.e., MEG3_03) and gestation length and the tentative association of 2 SNPs within this domain (i.e., CLPG_01 and MEG8_01) with calving interval as detected in the current study suggests a putative role for this genomic region in livestock fertility. Interestingly, Freking and Leymaster (2006) reported associations between genotypes at the causative CLPG mutation and differential ovulation rate in sheep, suggesting a potential role for this region in sheep fertility; however, no effects on rates of conception, fecundity were observed between genotype classes at this ovine SNP locus.
Previous investigations in cattle have demonstrated that the bovine MEG3 locus is paternally imprinted (Dindot et al. 2004) , whereas the bovine ortholog of the MEG8 locus is inferred to be paternally silenced based on data from other mammalian species da Rocha et al. 2008; Fleming-Waddell et al. 2009 ; http://igc.otago .ac.nz/home.html; http://www.geneimprint.com). This leads to the paradoxical observation-contrary to the imprinting model-that variation in maternally expressed genes inherited from a sire are associated with progeny phenotypes. However, this can be resolved by noting the following. First, the genetic merit for each of traits examined is calculated from many descendents across multiple generations (with female intermediaries); therefore, variation in sire-derived paternally imprinted genes could be associated with performance. Alternatively, the SNPs associated with performance traits in the present study may actually be in LD with causal variants at neighboring loci.
Conclusions
The similar phenotypic associations observed between cattle (as presented here), sheep, and pigs add to burgeoning evidence implicating the imprinted DLK1-DIO3 gene cluster as harboring important quantitative trait loci/ nucleotides underlying livestock animal growth, development, performance traits, and possibly fertility. The present study supports the inclusion of DLK1-DIO3 sequence polymorphisms for future genome-assisted beef and dairy breeding schemes, particularly as molecular targets for the control of muscle and fat deposition (Sillence 2004 ).
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